The surface oxide film on the nickel-free austenitic stainless steel located in various environments was characterized to estimate the reconstruction of the film in the human body. The specimens were polished, autoclaved, immersed in Hanks' solution, immersed in Eagle's minimum essential medium containing fetal bovine serum, and incubated with cultured cells. X-ray photoelectron spectroscopy was performed to determine the composition of the surface oxide film and substrate and thickness of the film. The depth profiles of elements in the surface region were also characterized using Auger electron spectroscopy in combination with argon-ion-sputtering. The surface oxide film on the nickel-free austenitic stainless steel, Fe-24.0Cr-1.1Mo-5.1N (at%), polished mechanically in deionized water consists of oxidic species of iron, chromium, and molybdenum, thickness of the surface oxide was about 4 nm and contained a large amount of OH − . Large amount of carbon, nitrogen, oxygen, and sulfur originating from amino acids and proteins were detected after immersion in the MEM + FBS and incubation with L929. Sulfur existed as sulfite or sulfide. Nitrogen as alloy component was enriched in the substrate just under the film. Calcium phosphate was formed on the film after immersion in the Hanks and MEM + FBS and incubation with L929.
Introduction
Austenitic stainless steel, 316L, is widely used as implant materials such as bone plate and hip joint prosthesis. 316L contains a large amount of chromium and nickel and a small amount of molybdenum to enhance the strength and corrosion resistance. Conventional austenitic stainless steels usually have a large amount of nickel because nickel is attractive austenite stabilizing element for stainless steels. Austenitic stainless steels have good balance of strength and corrosion resistance than ferritic and martensitic stainless steels, and are non-magnetic materials. Therefore, austenitic stainless steel such as 316L is used for implant materials.
However, implant devices such as bone plate and hip joint prosthesis consist of 316L sometimes failure in human body with corrosion and fretting fatigue. In addition, the reports of metallic allergy and toxicity caused by nickel and its salts have been significantly increased. [1] [2] [3] [4] [5] Therefore, the safety, strength, and corrosion resistance of 316L are sometimes insufficient for biomaterials.
Nickel-free austenitic stainless steels, Fe-15.8Cr-(9.9-14.9)Mn-2.3Mo-3.5N (at%), Fe-18.6Cr-17.7Mn-1.1Mo-3.5N (at%), Fe-(15.7-19.0)Cr-(9.9-12.0)Mn-(1.7-3.4)Mo-3.5N (at%), and Fe-(19.6-23.6)Cr-(20.5-23.2)Mn-(0.3-0.8)Mo-(3.3-4.2)N (at%) (BioDur 108), are recently developed to enhance the strength, corrosion resistance, and biocompatibility of conventional stainless steels. [6] [7] [8] However, these alloys have a large amount of nitrogen and manganese, because nitrogen and manganese play the same role as that of nickel in controlling mechanical properties of stainless steels. The strength of nickel-free austenitic stainless steels tends to be dominated by nitrogen content, while corrosion resistance is strongly related to the gross amount of chromium, molybdenum and nitrogen. Ultimate tensile strength and elongation to fracture of Fe-(19.6-23.6)Cr-(20.5-23.2)Mn-(0.3-0.8)Mo-(3.3-4.2)N (at%) are over 931 MPa and less than 49%, respectively, in annealed conditions. 8) Corrosion resistance of the alloy is greater than that of conventional austenitic stainless steels. 8) Other nickle-free austenitic stainless steels also have a good combination of strength, elongation and corrosion resistance. On the other hand, nickelfree austenitic stainless steel without manganese, Fe-24.0Cr-1.1Mo-5.1N (at%) (NFS), is also developed. [9] [10] [11] The nitrogen content of the NFS is higher than that of other nickel-free austenitic stainless steels. Ultimate tensile strength and elongation to fracture of the NFS are over 1200 MPa and over 40%, respectively, in annealed conditions. 10, 11) Corrosion resistance of the NFS is greater than that of 316L steel. [9] [10] [11] Therefore, NFS is useful as biomaterials because of their nickel-free composition and high strength and corrosion resistance.
Reactions between the surface of the materials and living tissues occur immediately after the materials are implanted into the living body. Therefore, it is important to analyze the surface properties of metallic materials when discussing the issue of tissue compatibility. The surface oxide films on metallic materials play important roles not only for corrosion resistance but also for tissue compatibility. The oxide film inhibits the corrosion but is not always stable in the human body, according to the theory of passivity. The composition of the surface oxide film on metals and alloys changes even though the film is macroscopically stable. Passive surfaces in contact with electrolytes undergo a continuous process of partial dissolution and repricipitation from the microscopic viewpoint. 12 ) Therefore, its composition changes according to the environments.
In this study, surface oxide films on the NFS reconstructed in various environments were characterized using 3094 D. Kuroda, T. Hanawa, S. Hiromoto, Y. Katada and K. Asami Table 1 Chemical composition of NFS (at%). X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) to estimate the change in the surface layer in the human body. Discussion of the data obtained in this study will enhance the understanding of the safety and biocompatibility of the NFS.
Experimental Procedures

Specimens
The practical size ingots of the NFS with a weight of 20 kg were fabricated by the nitrogen gas pressurized electro-slag remelting process and were hot forged to plates. The chemical composition of the NFS employed in this study was listed in Table 1 . Preparation methods and corresponding specimen symbols are summarized in Table 2 .
The Hanks' solution did not contain organic species. The ion concentrations of the Hanks' solution were summarized in Table 3 . The pH of the Hanks' solution was 7.4 just after preparation and did not change during experimental data acquisition.
The composition of the Eagle's minimum essential medium (MEM) is summarized in Table 4 . The inorganic components of MEM were similar to those of Hanks' solution, but organic acids and amino acids were also found. Fetal bovine serum (FBS) contains many serum proteins. L929 is a mouse fibroblast.
Each treatment was performed after autoclaving except for the case of the polished specimen. Eventually, five kind of specimens were prepared for the NFS: polishing in deionized water (polished), autoclaving (autoclaved), immersion in Hanks' solution (Hanks), immersion in a cell culture medium (MEM + FBS), and incubation with cultured cells (L929). The "polished", "autoclaved", and "Hanks" specimens were rinsed in deionized water to remove chemical species that were physically adsorbed but not chemically incorporated in the surface oxide film. The "MEM + FBS" and "L929" specimens were washed by a flow of deionized water to remove proteins and cells. At least, two of each specimen was prepared under the five conditions.
XPS analysis
X-ray photoelectron spectroscopy (XPS) was performed with an electron spectrometer (SSI-SSX100). Take-off angle of photoelectron was 35
• to specimen surface. The photoelectron take-off angle was fixed to 35
• for each specimen. All binding energies in this paper are relative to the Fermi level, and all spectra were excited with the monochromatized Al Kα line (1486.61 eV). The spectrometer was calibrated against Au 4f 7/2 (binding energy, 84.07 eV) and Au 4f 5/2 (87.74 eV) of pure gold and Cu 2p 3/2 (932.53 eV), Cu 2p 1/2 (952.35 eV), and Cu Auger L 3 M 4,5 M 4,5 line (kinetic energy, 918.65 eV) of pure copper. The energy values were based on published data. 19) In order to estimate the photoelectron peak intensities, background was subtracted from the measured spectrum according to Shirely's method. 20) The composition and thickness of the surface oxide film and the composition of the substrate were simultaneously calculated, according to the method developed by one of authors of this study. 21, 22) Empirical data [21] [22] [23] [24] [25] [26] [27] and theoretically calculated data 28) of the relative photoionization cross-sections were used for the quantification. The relative photoionization cross-sections, σ ij /σ O1s , are summarized in Table 5 , where relative photoionization cross-section of a level j electron of an element i to that of O 1s electrons. 
AES analysis
Depth profiles of elements on specimens were obtained by Auger electron spectroscopy (AES) using a LEOL, JAMP-7100 electron spectrometer in combination with an argon ion sputter etching. The vacuum level of the analyzing chamber during measurement was of the order of 10 −7 -10 −8 Pa. The accelerating voltage of the primary electrons for the Auger electron excitation was 10 kV. The electron probe size was about 1.2 mm in diameter, and the current was 5 × 10 −7 A. The differential Auger electron spectra were measured, and their peak-to-peak intensities were used for quantification. Under the applied argon ion sputter condition (3 kV and 30 mA/cm 2 in 8 × 10 −2 Pa), the etching rate for SiO 2 film on silicon was 0.6 nm/s. The quantification was performed by using a relative sensitivity factor of element i, α i , summarized in Table 6. 29) The concentration of element I , X i , is represented by the following equation:
where I is the integrated intensity of Auger peak, I and j indicated elements I and j, respectively, and N is the number of elements. XPS spectra of Fe 2p, Cr 2p and Mo 3d were decomposed into spectra originating from both metallic and oxide states as shown in Fig. 1 according to binding energy data. 28, 30) It is considered that the surface oxide film of the alloy was thin because of the metallic-state elements as shown in Fig. 1 were slightly detected through the film. The compositional deviation of the substrate from the bulk composition of Fe-24.0Cr-1.1Mo-5.1N (at%) was estimated from XPS data, as shown in Table 7 . Chromium was depleted, and iron and nitrogen was enriched in the substrate alloy just under the surface oxide film on the "polished" specimen. The "autoclaved" and "L929" specimens show enrichment of iron and molybdenum, and depletion of chromium and nitrogen. The "Hanks" and "MEM + FBS" specimens show enrichment of iron, molybdenum and nitrogen, and depletion of chromium. It is suggesting that further treatments after mechanical polishing increase the variety of the composition of substrate. Table 8 shows the composition, [Fe]/[Cr], and thickness, t, of the surface oxide film in each specimen. The t of the "autoclaved", "Hanks", "MEM + FBS" and "L929" specimens was larger than that of the "polished" specimen. The oxidation of the NFS, therefore, proceeded in a saturated water vapor and aqueous solutions. The "MEM + FBS" and "L929" specimens were immersed in MEM + FBS solution contained amino acids and proteins. Therefore, the increases in t on the "MEM + FBS" and "L929" specimens are possibly caused by the adsorbed amino acids and proteins. The compositions are calculated assuming that the detected carbon was originated from the so-called contaminant carbon. It is also assumed that all the oxygen is coming from surface oxide, where "oxide" does not mean simply anhydrous oxidic substances but rather oxyhydroxides. 21, 22) However, some part of oxygen on the "MEM + FBS" and "L929" specimens should originate from amino acids and proteins adsorbed on top of the surface oxide film. Therefore, the data for the "MEM + FBS" and "L929" specimens are re-calculated assuming that the detected carbon originating from amino acids and proteins and was uniformly contained in the oxide film, although both models are too simplified for the "MEM + FBS" and "L929" specimens. The re-calculated compositions of the surface oxide film of the "MEM + FBS" and "L929" specimens are listed in Table 9 .
Composition and thickness of surface oxide film
A small amount of molybdenum was detected in each specimen. Calcium and phosphorus were detected on the "Hanks", "MEM + FBS" and "L929" specimens. The binding energy of Ca 2p 3/2 electrons was 347.5-347.7 eV, and that of P 2p electrons was 133.2-133.7 eV, indicating that calcium phosphate was formed. 13, 14) This result is quite similar to calcium phosphate precipitation on titanium and its alloys in Hanks' solution. [13] [14] [15] [16] [17] The first stage of calcium phosphate formation is the preferential adsorption of phosphate ions in the case of titanium and Co-Cr-Mo alloy. 18, 31) It is considered that calcium phosphate precipitation also occurs on the NFS. However, the ratio of concentration of calcium to that of phosphorus, 18) under the same condition. Sulfur and nitrogen were detected on the "MEM + FBS" and "L929" specimens originating from amino acids and proteins adsorbed. The binding energy of S 2p electrons was 164.04-164.27 eV, indicating that sulfate or sulfide was formed. Probably, sulfate adsorbed by the surface was reduced and sulfite or sulfide was formed. The concentration of nitrogen of the "MEM + FBS" and "L929" specimens was larger than that of the "polished", "autoclaved" and "Hanks" specimens. The increase of nitrogen is caused by amino acids and proteins adsorbed on the surface oxide film. The reaction between the surface oxide film and the environment seems to be obstructed by the cell attachment because the incorporation of chemical species to the surface oxide film in the "L929" specimen was smaller than that in the "Hanks" and "MEM + FBS" specimens. Another possible reason of lower incorporation level will be the removal of precipitates from the oxide by the removal process of the cells.
The ratio in atomic concentration of iron to that of chromium, [Fe]/ [Cr] , is also shown in Table 8 and "Hanks" specimens was lager than that of the "polished", "MEM + EBS" and "L929" specimens. Iron content in the surface oxide film of the "autoclaved" and "Hanks" specimens is larger than that of the "polished", "MEM + EBS" and "L929" specimens. Chromium content in the surface oxide film of the "autoclaved" and "Hanks" specimens is smaller than that of the "polished" specimens. Therefore, the preferential dissolution of chromium occurred during autoclaving and immersion in Hanks' solution, and that iron was concentrated in the surface oxide film. The contents of iron and chromium in the surface oxide film of the "MEM + FBS" and "L929" specimens are smaller than those of the "polished", "autoclaved" and "Hanks" specimens. The dissolution of iron and chromium may occur during located in MEM + FBS solution and L929. In addition, the decreases in content of iron and chromium in the surface oxide film of the "MEM + FBS" and "L929" specimens are possible caused by the adsorbed amino acids and proteins, because the signals of iron and chromium are decreased by the adsorbed amino acids and proteins. 
Oxygen in surface oxide
The XPS spectrum of O 1s electron binding energy region consists of at least three peaks originating from O 2− , hydroxide or hydroxyl groups, OH − , and hydrate and/or adsorbed water, as shown in Fig. 2. 21) The proportions of these oxygens are summarized in 
Depth profiles of composition of surface oxide
Depth profiles of concentrations of the "polished" and "L929" specimens obtained by AES are shown in Figs. 3 and  4 . The thickness of the film on the "polished" and "L929" specimens were estimated as 3.7 nm and 4.3 nm as shown in Table 8 . Concentration of oxygen in the surface oxide film of the "polished" specimen was larger than that of carbon as shown in Fig. 3 . The "autoclaved" and "Hanks" specimens also clearly show this tendency. However, concentration of oxygen in the surface oxide film of the specimen "L929" was smaller than that of carbon as shown in Fig. 4 . The "MEM + FBS" specimen also shows clearly this tendency. In addition, concentrations of carbon, nitrogen and sulfur on the "polished" specimen were smaller than that of the "L929" specimen. Therefore, concentrations of carbon, nitrogen and sulfur on the "MEM + FBS" and "L929" specimens were originated from amino acids and proteins adsorbed. In the "MEM + FBS" and "L929" specimens, protein adsorption layer exists on the surface oxide film. Nitrogen distributes at both surface oxide film and substrate. In addition, nitrogen is also concentrated just under the surface oxide film in each specimen. The concentration of nitrogen in the surface oxide film of the "MEM + FBS" and "L929" specimens was originated from amino acids and proteins adsorbed. On the other hand, the concentration of nitrogen at the surface film/substrate interface was originated from nitrogen as alloying element.
Change in surface oxide film in living body
Biomaterials must be sterilized before implantation. Therefore, an autoclaved specimen was prepared in order to know the surface composition of the NFS before implantation, in this study. Immersion in Hanks' solution was performed to research the reactions of inorganic ions with the NFS. Immersion in MEM + FBS without cell was also performed to evaluate the effects of amino acids and proteins.
According to the results in this study, the surface oxide film changes in the human body as follows. Oxidation and hydration proceeded, and iron is concentrated in the surface oxide film by autoclaving and immersion in Hanks' solution. During immersion in Hanks' solution, chromium is preferential dissolved from surface oxide film, and the film composition changed into iron oxide containing a small amount of chromium oxide and molybdenum oxide. The amount of OH − in this film becomes smaller in comparison with those of the as-polished specimen, immersion in culture medium and cell culture. During immersion in culture medium and cell culture, calcium phosphate and sulfite or sulfide are generated on or in the film. Iron and chromium are dissolved from surface oxide film during immersion in culture medium and cell culture. Calcium phosphate is formed on the top surface after immersion in Hanks', MEM + FBS and MEM + FBS with L929 solution. Sulfate is also formed on the top surface after immersion in MEM + FBS and MEM + FBS with cell solution. However, sulfide is not formed. The thickness of the surface oxide film formed on the NFS is slightly increased by autoclaving and implantation.
Conclusions
The surface oxide film on the nickel-free austenitic stainless steel, Fe-24.0Cr-1.1Mo-5.1N (at%), polished mechanically in deionized water consists of oxidic species of iron, chromium, and molybdenum, and its thickness is about 3.7 nm. The surface film contains a large amount of OH − , i.e. the oxide is hydrated or oxyhydroxidized. During immersion in Hanks' solution, chromium is preferential dissolved from surface oxide film, and the film composition changed into iron oxide containing a small amount of chromium oxide and molybdenum oxide. The amount of OH − in this film becomes lower in comparison with those of the as-polished specimen, immersion in culture medium and cell culture. During immersion in culture medium and cell culture, calcium phosphate and sulfite or sulfide are generated on or in the surface oxide film. Iron and chromium are dissolved from surface oxide film during immersion in culture medium and cell culture. In addition, the decreases in iron and chromium in the surface oxide film of the specimens immersed in culture medium and cell culture are possible caused by the adsorbed amino acids and proteins.
